Replication of herpes simplex virus type I (HSV-0 was studied in various cell lines of rat nervous system origin. Infection of neonatal rat glial primary cells with HSV-I, strain KOS, produced normal yields of progeny virus. Glioma lines B9 and BI5 were permissive, the neuronal line B5o was partially restricted 0o to Ioo-fold reduction) and the neuronal line BIo3 was non-permissive (> iooo-fold reduction) for HSV-I (KOS) replication. Synthesis of virus DNA in infected B~o3 cells was not detected. However, at least some virus macromolecular synthesis was induced, including production of thymidine kinase, DNA polymerase and virus structural proteins.
INTRODUCTION
There is good documentation that sensory ganglia of the nervous system of mammals are the foci of latent herpes simplex virus (HSV) infections (Stevens et al. I972; Stevens & Cook, I973; Walz et al. I974; Stevens, I975) . The virus genome appears to be harboured in the neuronal plasma, but infectious virus cannot be recovered from ganglia except upon excision and placement in organ cultures (Stevens et al. I972; Baringer & Swoveland, I973; Benda eta!. I973; Stevens & Cook, I973; Stevens, I975) . Induction of infectious virus can be found in animals after stimulation by such factors as hormonal or emotional changes, fever, or exposure to sunlight (Warren et al. I94o; Chang, I97I; Janicki, I97I; Rapp & Jerkofsky, I973) .
The interaction between the virus and host nerve cells is not welt understood. The state of the virus genome and the precise mechanism which represses a lytic interaction is unknown. The use of cells that originated in the nervous system in a study of their interaction with HSV might shed some light on the latency phenomenon. In the past, few in vitro studies involving non-productive infections between HSV and a host cell of nervous system origin have been carried out. Lancz & Zettlemoyer 0976) have reported restricted replication of HSV in C6 glioblastoma cells, but no data were presented dealing with the mechanism or extent of the block. In a similar study, E. M. Cantin & A. A. Newton noted non-productive interactions between HSV and the C6 glial line and the RN2 Schwannoma line (personal communication) .
The present study was undertaken to determine whether the use of chemically transformed cells derived from the nervous system would support the replication of herpes simplex virus type I (HSV-I). This paper describes a system in which replication of one strain of HSV-I, KOS, is inhibited in a chemically transformed cell line of neuronal origin. Cells. The transformed rat brain cells B9, BI5, B5o, and BIO3 utilized in this study were obtained from Dr D. Schubert, Salk Institute, San Diego, California. They are part of a series of independently derived lines isolated from nitrosoethylurea-treated rat embryos (Schubert et al. 1974; Stallcup & Cohn, 1976) . They were originally characterized as being of neuronal or glial origin (Table I) based on their morphological and physiological characteristics (Schubert et aL I974) , and were cloned prior to these studies. Primary glial cells were obtained by dissection of cerebra from 3-to 5-day-old male BDIX rats, and identified by morphological and histochemical characteristics (Cummins & Glover, 1978) . All ceil lines were maintained in Eagle's minimal essential medium (MEM) supplemented with non-essential amino acids, IOO U of penicillin and ioo/zg streptomycin/ml and Io% foetal calf serum (Grand Island Biological Co.) .
Virus growth studies. Cell monolayers (I x io 6 cells) in 60 mm ~ culture dishes were infected at a multiplicity of infection (m.o.i.) of 5, and incubated at 37 °C for I h. The cells were then washed with Dulbecco's phosphate buffered saline (PBS), 3 ml of MEM were added to each dish, and the cells were incubated at 37 °C. Cultures were harvested at the indicated times by freeze-thawing and virus was titrated in CV-I cells using a 0"5 % methyl cellulose overlay (Dreesman & Benyesh-Melnick, 1967) .
Adsorption studies. Cells were harvested by scraping the monolayers with a rubber policeman and washed three times with PBS. The cells were placed in 2 ml of MEM at a concentration of 5 x lO 7 cells/ml and infected at a multiplicity of o.ol p.f.u./cell. To test virus stability, virus in the absence of cells was placed in 2 ml MEM. For incubation, all tubes were placed at 37 °C. At the indicated times, o-I ml samples were removed and diluted in io ml blanks of cold PBS. The samples were centrifuged at 5oog for 5 min and unattached virus in the supernatant titrated in CV-I cells.
DNA synthesis. Cell monolayers in 60 mm 2 dishes (4 × lO6 cells/dish) were infected at a multiplicity of 5 to IO p.f.u./cell and incubated for I h at 37 °C. The cells were washed with PBS and 3 ml of MEM were added. After 4 h, the medium was replaced with MEM containing IO/zCi of 3H-thymidine dThd per ml (sp. act. 50 Ci/mmol, Amersham/Searle), and the cells were incubated at 37 °C. Infected ceils were harvested 24 h after infection by scraping with a rubber policeman. The cells were pelleted at 5oog, washed in IO ml PBS, and suspended in 2.0 ml TEN buffer (o.oi i-tris-HC1, pH 7"4; o.ooi M-EDTA and o.I M-NaCI).
HSV-nerve cell interactions I r
Cells were ~lysed by the addition of sodium lauryl sarcosinate to a final concentration of 0"5% and sodium dodecyl sulphate to a concentration of 0.2%. After incubation for IO min at room temperature, pre-digested pronase (Calbiochem) was added to a concentration of 50/zg/mt, and the mixtures were incubated for 30 rain at 37 °C. After digestion, I ml samples were removed and mixed with 4 ml TEN-buffered CsC1 to a density of I "700 gm/ml. The samples were centrifuged at I4oooog for 60 h using a Beckman SW 50. I rotor in a Beckman L5-5o ultracentrifuge at 25 °C. After centrifugation, fractions were collected from the bottom of the tube, processed with Io % trichloroacetic acid (TCA) and 95 % ethanol, and placed in scintillation vials containing toluene based counting solution. After adsorption for I h at 37 °C, monolayers were washed with PBS and MEM containing IO % of the prescribed concentration of methionine was added. After 4 h, the medium was replaced with MEM containing 5 % the normal level of unlabelled methionine and Io #Ci/ml 35S-methionine (sp. act. 575 Ci/mmol, Amersham/Searle). The cells were incubated at 37 °C. After 24 h, cells were harvested by scraping, washed three times with cold PBS, and solubilized by boiling for 5 rain in 0"o5 M-tris-HCl, pH 6-8; 1% SDS; 1% 2-mercaptoethanol, and o'5 M-urea. Electrophoresis was carried out with 7 % acrylamide gels using the method of Powell & Courtney 0975). Included as marker proteins for mol. wt. standards were chymotrypsinogen A (mol. wt. 25 ooo) hen egg albumin (tool. wt. 45 ooo g), bovine serum albumin (mol. wt. 67ooo) and rabbit muscle aldolase (mol. wt. 158ooo).
Induction
Radioiodination of cell surfaces. Monolayer cultures of cells were infected at a m.o.i, of 5 and incubated at 37 °C. Twelve to fourteen hours after infection, ceils were harvested with tris-versene (o.oi M-tris-HC1, pH 7.2; o.I 4 M-NaC1 and 5 mM-EDTA), washed once with cold veronal buffered saline (VBS: 0"03 M-Na barbitol, pH 7"2; o. I4 M-NaC1, 0"5 mM-MgC12, o'I5 mM-CaCI~), containing 2 % FCS, and washed twice with serum-free VBS containing o.oI mM-KI. The cells were suspended in I ml Earle's balanced salts solution (EBSS), pH 7.2, at a concentration of I × IO 7 cells/ml. Radioiodination was carried out using the procedure of Glorioso & Smith 0977). Radiolabelling chemicals were prepared in EBSS containing o.oi mM-KI. To the cell suspension was added 0"I2 5 ml lactoperoxidase (2 mg/ml; Sigma Chemical Co.), 0"25 ml of Na 125I (t mCi, Amersham/Searle) and o.I25 ml of H~O2 (I.3 mM). Two more aliquots of H~O2 were added at 3 min intervals. After a total of IO min, labelling was inhibited by the addition of PBS containing o'I mM-KI. Cells were washed three times in PBS and lysed by incubation for IO min at room temperature in I.o ml of 1% NP4o in PBS. The suspension was clarified by centrifugation at Iooooog for 3o rain and the supernatant used for immunoprecipitation. lmmune precipitation. HSV antisera were obtained by injection of rabbits with u.v. inactivated virus in complete Freund's adjuvant (Smith & Glorioso, i976) . The virus used for immunization was grown in primary rabbit kidney cells maintained in MEM plus I o % rabbit serum (GIBCO). Antibodies to HSV-r were titrated by the microneutralization technique of RaMs et al. 097o). Pre-immune serum was obtained by bleeding the rabbits prior to immunization.
For immune precipitation, NP4o-solubilized preparations of 125I-labelled surface antigens were added to o.2 ml of HSV antisera, incubated for 3o min at 37 °C and overnight at 4 °C. Immune precipitates were collected by centrifugation through 20 % sucrose prepared in o-oi M-sodium phosphate buffer, pH 7"4; o'I5 M-NaC1 and o.1% NP4o (Spear, I976) . The samples were centrifuged for I h at 33 ooo rev/min in the SW 5o. I rotor at 20 °C, and the precipitates recovered as pellets. For polyacrylamide gel electrophoresis, the precipitates were dissolved in denaturation buffer as described for cell extracts, and electrophoresis was carried out as described by Powell & Courtney (I975). Electron microscopy. Cells were infected at a m.o.i, of 5, were harvested 20 h after infection, fixed in 2. 5 % glutaraldehyde and postfixed in 1%/o osmium tetroxide. The cells were then dehydrated in graded ethyl alcohol and embedded in Epon 812. Thin sections were stained with lead citrate.
RESULTS

Replication of HSV in nervous system derived cells
In order to determine if primary or transformed cells supported replication by HSV-I (KOS), monolayer cultures were infected and the development of infectious virus over a period of time was followed. The data presented in Fig. I indicate that HSV-I (KOS) replicates both in primary RG cells, and in the transformed B 9 and BI5 lines. Replication in the B5o line was partially restricted, the yield of infectious progeny being less than IO % of that from unrestricted cells. However, HSV-I (KOS) was unable to replicate in the BIo3 line. Virus production was reduced to a level nearly IO -~ of that in the RG and B 9 infected cells.
Since HSV-I (KOS) was unable to replicate in BIo3 cells, these cells were tested for their ability to support replication of other type I strains in order to determine whether or not the restriction was characteristic for type I virus. The cells were infected either with HSV-I (HF), or each of two primary isolates of HSV-I, strains 17 and 33, and tested for temporal development of infectious virus. The results in Fig. 2 show that all three strains of HSV-I are capable of replication in BIO3 cells. In addition, the BIo3 cells support replication of the HSV type 2 strain 333 (data not shown).
Adsorption characteristics
Since the failure of HSV-I (KOS) to replicate in BIo3 cells might be related to an inability to attach to these cells, adsorption studies were carried out comparing attachment kinetics to the various cells. As shown in Fig. 3 , the inability to replicate was not related to an 
DNA synthesis in infected cells
To determine whether virus DNA synthesis was taking place, infected ceils were incubated in the presence of 3H-thymidine from 4 to 24 h after infection and samples were analysed for the presence of virus DNA by density gradient centrifugation (Fig. 4) . Samples from mockinfected ceils gave a single peak of cellular DNA with a buoyant density of 1.7oo g/ml (Fig. 4 a to c) . Gradient profiles from HSV-I (KOS) infected BIo3 cells, however, revealed no detectable level of virus DNA synthesis (Fig. 4d) , unlike the B9 and BI5 cells productively infected by HSV-I (KOS) (Fig. 4 e to f, respectively) which demonstrated a peak of virus DNA at a buoyant density of P725 g/ml. In contrast, gradient profiles from BIO3, B9, and BI5 cells productively infected with HF ( Fig. 4g to i Differences were also detected with regard to the effects on cellular DNA synthesis. Cellular DNA synthesis in all cells infected with the HF (Fig. 4g to i ), I7 and 33 strains (data not shown) of HSV-I, and B 9 or BI5 cells infected with the KOS strain (Fig. 4e,f) , was inhibited more than 9o%. When Bto3 ceils were infected with HSV-I (KOS), however, cellular DNA synthesis was inhibited by approximately 5o % (Fig. 4d) 
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--6 0 ~3 5 Fig. 6 . Polyacrylamide gel electrophoresis of immune precipitates of radioiodinated surface antigens derived from infected B9 or BIo3 cells. Extracts were precipitated with either pre-immune (PI) or immune (I) serum (see Methods). Extracts from uninfected cells were similarly incubated with serum, with no significant precipitation (data not shown). All samples were subjected to electrophoresis on the same gel slab, and relevant tracks were rearranged for this figure.
Induction of DNA polymerase activity The level of DNA polymerase activity induced by HSV-I (KOS) infection is shown in Table 2 . Polymerase activity induced in KOS-infected BIo3 cells demonstrated a greater than threefold increase by 6 h after infection. Similar results were found in B 9 cells productively infected by KOS, or BIo3 cells productively infected by the HF strain ( Table 2) . The failure to detect virus DNA synthesis, therefore, cannot be accounted for by a failure to induce virus polymerase activity.
Induction of thymidine kinase
HSV infection induces the synthesis of thymidine kinase during productive infection (Dubbs & Kit, I964; Klemperer et aL I967) and at least during some abortive infections Table 2 ). The enzyme was confirmed as viral by means of heat lability at 41 ° C and inactivation by antisera against HSV (data not shown).
Polyacrylamide gel electrophoresis of virus proteins
In order to determine whether virus structural proteins were produced during infection, infected B 9 or BIo3 cells were incubated in the presence of 35S-methionine and cell extracts were characterized by gel electrophoresis. The results shown in Fig. 5 demonstrate the presence of major virus polypeptides, including VPI54, VPI23-I3O, VP9I, VP67 and VP44, in KOS-infected BIO3 cells. The presence of polypeptides corresponding to these size classes in KOS-infected human embryonic lung cells has been reported (Courtney et al. 1976) . Similar profiles are found in BIO3 cells productively infected with the HF strain (Fig. 5) , or the I7 and 33 strains (data not shown), or in B 9 cells productively infected with the KOS strain (Fig. 5) .
Similar results were also found on analysis of virus induced surface glycoproteins. Both uninfected and infected cell surfaces were labelled with a25I, and, following immunoprecipitation of cell extracts, the polypeptides were analysed by PAGE. The results shown in Fig. 6 demonstrate the presence of virus polypeptides similar to those induced during productive infection of B 9 cells on the surface of non-productively infected BIo3 cells.
Complementation of HSV-I (KOS) by HSV-2 in Blo3 cells
Experiments were carried out to test whether KOS replication in BIo3 cells would be complemented by a second virus. The cells were co-infected with a syncytial mutant of KOS, syn zo and wild type HSV-2, strain 333, which is capable of replicating in BIo3 cells.
Replication of both strains was found to occur under these circumstances, with the yield of KOS representing 4o % of the progeny (Table 3) -
Electron microscopy
Despite the absence of detectable levels of virus DNA synthesis, synthesis of the major virus polypeptides appears to occur. For this reason, electron microscopic examination of infected cells was carried out to see if production of particles was taking place. Thin sections were prepared of BIo3 cells following 20 h of infection with HSV-I (KOS) and examined for virus. Despite extensive cytopathology, particle production was observed in only I to 2 % of the 2-2 cells examined. The majority of these particles appeared defective in that few were observed outside the nucleus and few contained a dense core, which is indicative of the presence of virus DNA. The presence of the few apparently complete particles may account for the low level of virus seen in Fig. 1 .
DISCUSSION
Experiments were carried out to determine the ability of cells of nervous system origin to support replication of HSV-I (KOS). The results of these experiments show that at least one line of chemically transformed cells, BIO3, was restricted in its ability to support growth of the virus. A second line of cells, B5o , was only partially restricted; virus replication was limited but detectable. Two transformed lines, B 9 and B 15, and primary glial cells supported replication of the virus.
Attachment kinetics showed that inability of the virus to replicate was not due to failure of the virus to adsorb to the cell surface (Fig. 3) -To determine the level at which the block in replication occurred, DNA labelled 4 to 24 h after infection was analysed by isopycnic centrifugation in CsCI (Fig. 4) -The results showed virus DNA replication could not be detected in KOS-infected BIo3 cells.
Some HSV-I (KOS) functions were expressed following infection of these cells. Both thymidine kinase and DNA polymerase activities were induced (Table 2) , and production of at least the major virus polypeptides seemed to be normal (Fig. 5, 6 ). The presence of as many as 49 virus polypeptides in lytically infected cells has been reported (Honess & Roizman, I973) . However, the inability of the virus to inhibit cellular macromolecular synthesis more efficiently made it difficult to detect the presence of all these proteins. No significant difference was observed in the gel patterns of polypeptides isolated from B 9 cells lyrically infected with KOS and BIo3 cells non-productively infected (Fig. 5, 6 ).
The precise mechanism of the restriction in BIo3 cells is unclear. Although virus DNA synthesis is inhibited, protein synthesis, including induction of virus DNA polymerase, appears normal as compared with the productively infected cell lines. Conceivably, of course, more gene products than the DNA polymerase itself may be involved in virus DNA replication. In fact, reports have suggested that a minimum of three virus gene products may be involved in DNA synthesis (Purifoy & Benyesh-Melnick, I975; Hay et al. 1976) .
These results could be accounted for in several ways: (i) the presence of an inhibitor of the virus, or (2) lack of synthesis of a necessary gene product. We tested for the presence of an inhibitor by co-infecting Bio3 cells with a syncytial mutant of KOS and wild-type HSV-2, and found replication of both strains occurred. These results suggest that the failure of HSV-I, KOS, to replicate in BIo3 cells may have been due to the absence of a particular gene product.
Previous studies have shown that prior transformation of cells by either RNA tumour viruses (Garfinkle & McAuslan, 1973; Campbell et al. 1974; McAuslan et al. 1974) or DNA tumour viruses (van der Noordaa et al. 1966; Tucker & Docherty, 1975) was capable of rendering cells non-productive to superinfection by herpesviruses. In at least some of these reports the results were similar to ours in that the block in replication may be at the level of DNA synthesis (Campbell et al. 1974; Tucker & Docherty, 1975) .
The use of a nerve cell system in which replication of HSV is restricted may produce a model for studying the latency phenomenon. We are presently conducting experiments to test whether in fact these cells are capable of carrying virus in a non-infectious state.
